The composition of root chemicals was examined for samples of L. cyathiceps  L. duciformis, L. duciformis  L. yunnanensis, and L. yunnanensis. Various furanoeremophilanes were isolated from a sample of L. cyathiceps  L. duciformis and found to be very similar to those isolated from L. cyathiceps. Lupeol and docosyl ferulate were isolated from L. yunnanensis, L. duciformis, and L. duciformis  L. yunnanensis.
The genus Ligularia (Asteraceae) in the Hengduan Mountains area of China is highly diversified and its evolution is considered to be continuing [1] . We have been studying the diversity in the chemical composition of Ligularia species to elucidate the mechanism of diversification. Furanoeremophilanes and related sesquiterpenoids have been isolated from most of the major Ligularia species [2]. One major pathway in plant evolution is hybridization. We have described several hybrids of Ligularia [3] and also analyzed the root chemicals in L. nelumbifolia  L. subspicata [4] and L. cyathiceps  L. lamarum / L. subspicata [5] . In addition, DNA sequencing of the internal transcribed spacer (ITS) 1 -5.8 S -ITS2 region of the nuclear rRNA gene cluster suggested chemical introgression in L. vellerea [6] and in the complex of L. duciformis / L. kongkalingensis / L. nelumbifolia (the d/k/n complex) [7] . These observations are likely to be a manifestation of reticulate evolution proposed for the complex of Ligularia / Cremanthodium / Parasenecio [8] .
An area surrounding a pond called Tianchi in Shangrila County, Yunnan Province, China, is rich in Ligularia. We previously reported chemical outcomes of hybridization between L. cyathiceps and L. lamarum / L. subspicata at the location [5] . More recently, we collected a putative hybrid of L. cyathiceps Hand.-Mazz. and L. duciformis (C. Winkler) Hand.-Mazz. and also a putative hybrid of L. duciformis and L. yunnanensis (Franchet) C. C. Chang. In this report, we describe chemical and genetic analyses of these hybrid samples as well as L. yunnanensis collected sympatrically. L. cyathiceps is abundant in Shangrila, especially by Tianchi pond, but its distribution is limited to northwestern Yunnan [1] . No intraspecific diversity has been observed in either the chemical composition or the ITS1-5.8S-ITS2 sequence [9] . L. duciformis is more widely distributed in the Hengduan Mountains area [1], and is indistinguishable from the related species, L. kongkalingensis and L. nelumbifolia, both in chemical composition and in the ITS1-5.8S-ITS2 sequence [7] . L. yunnanensis is taxonomically close to L. duciformis and its distribution is limited to western and northwestern Yunnan [1]. To the best of our knowledge, chemicals from this species have not been reported.
Two individuals of putative hybrids (samples 1 and 4) were collected at Tianchi (3900 m in altitude) in 2014 (Table 1) , together with their parent individuals in the same field [samples 2 (= L. duciformis), 3 (= L. cyathiceps), and 5 (= L. yunnanensis)]. Morphological and genetic details of the population of the hybrids will be described elsewhere. A sample of L. yunnanensis collected at Laojunshan in Jianchuan County, Yunnan, about 100 km south of Tianchi, was also analyzed (sample 6), because the L. yunnanensis individual at Tianchi (sample 5) was found to be introgressed by L. duciformis (see below). The sequence of the ITS1-5.8S-ITS2 region was determined to assess the genetic constitution of the samples. The sequence of sample 2 was similar to the previously published sequence of L. duciformis collected in the Tianchi region (sample 11 of [7] ). The differences were: sample 2 having A, W(=A+T), T, Y(=C+T), and S(=C+G) at the 65th, 110th, 124th, 126th, and 144th positions of ITS1; W, G, and G at the 72th, 156th, and 205th positions of ITS2, respectively. In addition, the locations and the sequences of variant indels in sample 2 were the same as in the previous sample. Given the sequence variations reported previously for the d/k/n complex [7] , the ITS1-5.8S-ITS2 sequence of sample 2 was typical of this complex. The sequence of sample 3 differed from a L. cyathiceps sequence in the database (DQ272328) only at the second last position: T in place of C, and, thus, was typical of L. cyathiceps. The data for the putative hybrid of L. cyathiceps and L. duciformis (sample 1) contained multiple sequences with indels and was too NPC Natural Product Communications 2016 Vol. 11 No. 8 1057-1060 complex for the entire sequence to be determined. This was presumably because the DNA inherited from a L. duciformis parent contained multiple variants and because mixing with a L. cyathiceps sequence made the data even more complex. However, the sequence for the last 211 bp, which we were able to determine and is summarized in Table 2 , supported the inference that sample 1 was a hybrid between L. cyathiceps and L. duciformis. Table 2 : Differences in the ITS2 sequence among samples 1-3 a .
Sample
Base Position 1 1 1 1 1 2 2 2 1 2 4 4 7 7 9 0 0 4 5 7 0 1 1 4 7 0 5 1 5 9 3 6 8 8 3 2 6 9 In order to assess parentage of the hybrid individuals, the sequence of the atpB-rbcL intergenic region in the plastid genome was determined ( Table 3 ). The sequence of sample 1 was the same as that of sample 2 and different from sample 3. No sequence with T at the 409th position is known for the d/k/n complex [7] . Therefore, the maternal parent of sample 1 was judged as L. duciformis. 1 3 4 4 2 1 2 0 6 2 1 2 0 6 8 7 2 9 9 8 7 2 9 9 1
The base numbering is according to a L. tongolensis sequence (AB126994). The sequences are otherwise the same as the L. tongolensis sequence with the exception that the number of As in a stretch around the 150th position was 9. b The number of Ts in a stretch around the 390th position. Sample ITS1 5.8S ITS2 0 0 0 0 1 1 1 1 1 1 1 2 2 2 2 1 1 1 0 0 0 0 0 1 1 1 1 2 2 0 6 6 9 0 1 2 4 4 6 8 1 2 2 3 3 3 3 2 3 4 7 9 0 4 4 9 0 1 1 4 5 4 8 0 4 b 0 3 6 3 0 e e 0 1 7 3 6 7 8 1 1 2 3 h h 2 4 9 0 4 5 2
The base numbering is according to the sequence of sample 6 (L. yunnanensis), which has been deposited in the database (LC128584). K=G+T; R=A+G; W=A+T; Y=C+T; -, deletion. b Between the 125th and 126th positions. c A sequence with T and a sequence without T were present. d A sequence with C and a sequence without C were present. e Between the 219th and the 220th positions. f A sequence with GC and a sequence without GC were present. g A sequence with GT and a sequence without GT were present. h Between the 100th and the 101st positions. i A sequence with CT and a sequence without CT were present. Table 4 shows a comparison of the ITS1-5.8S-ITS2 sequences of samples 2, 4, 5, and 6. Sample 4 contained multiple sequences with three sites of indels. The locations and the bases were exactly where indels were present between sample 2 (L. duciformis) and sample 6 (L. yunnanensis). In addition, many of the mixed bases could result from a superposition of the sequences of samples 2 and 6. Therefore, the sequence data supported that sample 4 was a hybrid between L. yunnanensis and L. duciformis. The maternal parent of sample 4 was inferred to be L. duciformis, because its atpB-rbcL sequence was within the variation in L. duciformis [7] and different from sample 6. Data on more samples of L. yunnanensis are necessary to ascertain this inference. The sequence of sample 5 was more similar to sample 4 than to sample 6, indicating introgression of L. duciformis into this sample of L. yunnanensis.
Root chemicals of these samples were analyzed. As a quick survey of the furanoeremophilane composition, parts of the roots were extracted with ethanol immediately after collection and the extracts were subjected to Ehrlich's test on TLC plates [10]. Samples 1 and 3 were positive to the test and samples 2, 4, 5, and 6 were negative. The TLC patterns for the Ehrlich-positive samples (samples 1 and 3) were very similar to that for a L. cyathiceps sample previously analyzed (sample 7 in Table 1 = sample 8 in ref. [9] ). This suggested that the furanoeremophilane composition of hybrid sample 1 was very similar to that of L. cyathiceps.
The ethanol extracts were also analyzed by LC-MS and the results are shown in Figure 1 . The chromatograms for samples 3 and 7 were very similar, indicating that the chemical compositions in these L. cyathiceps samples were also very similar. In addition, the chromatogram of sample 1 was also very similar to those of samples 3 and 7, consistent with the results of Ehrlich's test. In contrast, samples 2, 4, 5, and 6 showed no significant peak in the region of typical terpenoids (t R =10 to 20 min). Compounds in each sample were isolated from dried roots by standard methods such as silica-gel column chromatography and HPLC and identified by spectroscopic methods. Sample 3 was not analyzed, because TLC and LC-MS showed that its chemical composition was almost identical with the previously reported sample of the same species (sample 7). From sample 7, cacalol (1) and furanoeremophilanes 2, 3, and 5 had been isolated [9] . From sample 1, cacalol (1) was isolated together with eremophilanes 2-7. Chemical and genetic study of two Ligularia hybrids Natural Product Communications Vol. 11 (8) 
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These compounds are recorded as constituents of L. cyathiceps [9] . 4-O-Geranyl coniferyl (8) [11] and sinapyl (9) [12] alcohols were also isolated together with O-geranyl syringaldehyde (10) [13] and squalene (14) . From the Ehrlich-negative samples (samples 2, 4, 5, and 6), only lupeol (12) [14] was commonly obtained together with O-geranyl ferulaldehyde (11) [7] and docosyl ferulate (13) [15] . No sesquiterpenoids were detected in these samples. The major peaks in the LC-MS of samples 1, 3, and 7 were assigned to be 2 and 3 (t R = 12.7 and 10.9 min, respectively) using pure compounds (Figure 1) . Compounds of peaks at 3 to 5 min in samples 1, 2, 4, 5, and 6 could not be determined, because none of the isolated compounds showed peaks in this region (Figure 1) .
The d/k/n complex in the Hengduan Mountains can be grouped into four chemotypes, based on the major components: type 1 = eremophilanes; type 2 = oplopanes; type 3 = phenylpropenoids; type 4 = none of these compounds [7] . The isolation of docosyl ferulate (13) from sample 2 showed that this sample was of type 3. This agrees with a sample collected previously (sample 11 in ref. [7] ) at about 500 m north of the pond. Root chemicals in L. yunnanensis were examined for the first time, and the composition was found to be similar to that of L. ducifomis. This agrees with the taxonomy based on morphology that both species belong to the Section Corymbosae Series Retusae [1a] .
Previously we proposed that the capability to synthesize terpenoids in the d/k/n complex was introduced by introgression from other Ligularia [7] . This premise found support in the finding of a hybrid between L. nelumbifolis and L. subspicata [4] , in which the ability to produce furanoeremophilanes was brought in by L. subspicata. The present finding of hybridization of L. duciformis with L. cyathiceps also lends support to the premise. It is highly likely that the ability to produce sesquiterpenoids in the hybrid (sample 1) originated from L. cyathiceps, suggesting that L. cyathiceps is a possible eremophilane source in the d/k/n complex. Another L. duciformis sample previously collected at a few km east of Tianchi pond ( [16] ; sample 3 in ref. [7] ) was of type 2. The present finding shows that the range of hybridization is rather large for L. duciformis and raises the possibility that the oplopane-producing ability in the previous L. duciformis sample was introduced from yet another Ligularia species.
Experimental
General: NMR, JEOL ECX-400 (400 MHz for 1 H; 100 MHz for 13 C) spectrometer; IR, JASCO FT/IR-230 spectrometer; MS, JEOL JMS-700 MStation or CMATE II. Column chromatography (CC) was performed on silica gel (Wakosil C-200 or C-300). Analytical TLC was carried out on Merck Kieselgel 60 F254, 0.2 mm thickness, using either Ehrlich's reagent (p-dimethylaminobenzaldehyde and HCl) [10] or p-anisaldehyde/AcOH/H 2 SO 4 as visualizing agents. HPLC was carried out using either a Shimadzu LC-20AT pump with a SPD-20A Prominence UV/VIS detector or a GL Sciences GL-7410 pump with a GL-7450 UV detector, and a Hitachi D-2500 Chromato-Integrator or a Shimadzu C-R8A Chromatopac, with either a GL Sciences Inertsil PREP-ODS column (20 × 250 mm) or a Kanto Mightysil Si60 (10 × 250 mm) column. LC-MS was measured on an Agilent 1100 series LC/MSD mass spectrometer (capillary voltage 3.5 kV; corona current 4 A; capillary exit voltage (fragmentor) 90 V; drying temperature 330 o C; drying flow 9 L/min; nebulizer pressure 50 psig) with 5C18-MS-II (COSMOSIL; 4.6 × 150 mm; 5 m octadecyl column) using a gradient system (MeOH/H 2 O; 0 min (7:3)-20 min (10:0) -35 min (10:0)-40 min (7:3)-45 min (7:3); 0.5 mL/min) as eluent. DNA was purified from dried leaves using a DNeasy Plant Mini Kit (Qiagen). The ITS1-5.8S-ITS2 region and the atpB-rbcL intergenic region were amplified by polymerase chain reaction respectively with LC5 and LC6 primers and with La and ar primers [17] and HotStarTaq plus Master Mix Kit (Qiagen). The amplified DNA was separated by agarose gel electrophoresis and purified with a High Pure PCR Product Purification Kit (Roche Diagnostics). Sequencing reactions were carried out by BigDye Terminator Cycle Sequencing Kit Ver. 3.1 (Appliedbiosystems) with LC1-LC4 primers [17] or the ITS1-5.8S-ITS2 region or with La and ar primers for the atpB-rbcL intergenic region. Sequence determination was carried out on a 3130xl or a 3500 Genetic Analyzer (Appliedbiosystems).
Plant materials:
Ligularia samples were collected in August 2014 (samples 1-5) and 2008 (sample 6) at locations shown in Table 1 . Each sample was identified by X. G. (author). Voucher specimen numbers are given in Table 1 (Kunming Institute of Botany).
Isolation of compounds:
Dried root of sample 1 (hybrid) (77 g) was extracted with EtOH to afford an extract (3705.9 mg), which was subjected to silica-gel (20 g) CC (n-hexane-EtOAc, gradient) to afford 8 fractions. Fr. 2 was separated by repeated CC to afford 7 (8.0 mg), 14 (3.9 mg), 4 (1.6 mg), 5 (0.3 mg), 6 (0.1 mg), and 1 (1.6 mg). Compounds 5 (0.1 mg), 6 (1.1 mg), and 1 (5.1 mg) was also isolated from Fr. 4. From a part of Fr. 5, 2 (16.5 mg), 3 (4.7 mg), and 10 (0.1 mg) were obtained by CC and HPLC (n-hexane-EtOAc). From Fr. 7, 8 (0.5 mg) and 9 (9.8 mg) were isolated by HPLC.
Dried roots of sample 2 (L. duciformis) (24 g) were extracted with EtOH to afford an extract (761.9 mg), which was separated by CC (SiO 2 , n-hexane-EtOAc, gradient) and HPLC to afford 12 (15.5 mg) and 13 (1.2 mg).
Dried roots of sample 4 (hybrid) (53 g) were extracted with EtOH to afford an extract (2861.0 mg), which was separated by CC (SiO 2 , n-hexane-EtOAc, gradient) and HPLC to afford 11 (3.5 mg), 12 (0.1 mg), and 13 (1.7 mg).
Dried roots of sample 5 (L. yunnanensis) (104 g) was extracted with EtOH to afford an extract (6088.4 mg), which was separated by CC (SiO 2 , n-hexane-EtOAc, gradient) and HPLC to afford 12 (10.6 mg).
Dried roots of sample 6 (L. yunnanensis) (8 g) was extracted with EtOH to afford an extract (383.0 mg), which was separated by CC (SiO 2 , n-hexane-EtOAc, gradient) and HPLC to afford 12 (6.4 mg) and 13 (0.4 mg).
